The inlet fog cooling scheme has been proven as an economic and effective means to augment gas turbine output power on hot or dry days. A previous paper developed a stage-by-stage wetcompression theory for overspray and interstage fogging using the equilibrium droplet evaporation model with given compressor and blade configurations. This paper extends the previous work by including the non-equilibrium droplet heat transfer model. An 8-stage, 2-D compressor airfoil geometry and stage settings at the mean radii are employed. Eight different cases including saturated fogging, overspray with different droplet sizes with both equilibrium and non-equilibrium heat transfer models have been investigated and compared. The results show saturated fogging increases the pressure ratio and reduces the compressor power consumption; however, overspray actually increases both the specific and total compressor power consumption. Non-equilibrium method differs from the equilibrium method due to the change of evaporation rate. Droplet size doesn't play a role in equilibrium approach, but plays a major role in affecting the result in the non-equilibrium case. For small droplet size of 10 µm, the droplet evaporation rate is fast, so the non-equilibrium method predicts close results as the equilibrium method. Larger droplets lead to slower evaporation, reduction of pressure ratio, and less effective compressor performance than the smaller droplets. Equilibrium method predicts that wet compression increases axial velocity, blade inlet velocity, incidence angle, and tangential component of velocity. Nonequilibrium methods predict a similar trend except with lesser increments as the droplet size increases. In the present study, the equilibrium method predicts that all the water droplets evaporate completely at the end of stage 3, while the non-equilibrium approach predicts that the completion of evaporation delays, but all droplets completely evaporate in the compressor except the biggest droplets (30µm). Saturated fogging increases air density; however, both equilibrium and non-equilibrium methods predict that overspray wet compression actually reduces air density in the earlier 70% of the compressor. Non-equilibrium predicts small droplets relax the load in the earlier stages but increases the load in the later stages. Larger droplets show less load changes. Detailed stage-to-stage performance and property value changes are analyzed and discussed in this study. 
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NOMENCLATURE

INTRODUCTION
Compressor intercooling has been proven to be the most economic way to reduce compressor work and augment gas turbine output power, especially during hot or dry days. Conventional intercooling schemes are usually applied through non-mixed heat exchangers between two compressor stages or by cooling the outside of the compressor casing. Another method to cool the compressor is to employ gas turbine inlet cooling by refrigeration or evaporative cooling schemes.
Inlet fogging is one of the evaporative cooling schemes and has been considered a simple and cost-effective method to significantly increase power output and often also increase thermal efficiency. During fog cooling, water is atomized to micro-scaled droplets and introduced into the inlet airflow. The water droplet remaining after the air flow reaching the wet bulb temperature is considered as the overspray (or high fogging), which can further cool the compressor. Recently, interstage fogging is considered to take advantage of the existing on-line compressor washing system. However, any cooling schemes that may affect the flow field inside the compressors have not been favorably considered by industry due to concerns of any disturbance that might damage compressor airfoils or adversely affect the compressor's performance stability. There are several concerns associated with overspray and interstage spray cooling like: (a) the potential erosion of compressor blades caused by tiny water droplets, (b) drilling holes through the compressor casings to install fogging devices may cause a compressor integrity problem, and (c) the manufacturer's warranty could be voided [1] . Regarding interstage fogging, Bagnoli et. al. [2] and Wang and Khan [3, 4] have shown that less power augmentation can be obtained by applying fogging inside the compressor between two stages than upstream of the compressor inlet.
Thermodynamic wet compression theory was established first by Hill [5] in 1963. Since then, incremental developments have led to recently work by Zheng et al. [6, 7] . Their analysis provided the relationship between the dry compression index and wet compression index. Following their work, Khan and Wang [8] developed a wet compression thermodynamic model for a gas turbine system (FogGT) with inlet fog cooling specifically for burning low calorific value (LCV) fuels. The results showed that in the combustor, as heating value decreases for LCV fuels, fogging results in more incombustible gases to absorb the energy and suppress the combustion temperature; so more heat addition (23% -46%) is required to allow the combusted gas to reach the desired turbine inlet temperature (TIT). When LCV fuels are burned, saturated fogging can achieve a net output power increases approximately 1-2%, while 2% overspray can achieve 20% net output enhancement. Fog/overspray could either slightly increase or decrease the thermal efficiency of LCV-fired GT systems depending on the ambient conditions.
Williams [9] reported the effects of water ingestion (due to heavy rain) on the performance of a low speed four stage laboratory axial flow compressor. He showed how the surge line was adversely affected by water ingestion when the stall initiating stage was adversely affected. For a compressor operating at part speed, it was generally the first stage that initiated stall, and the experimental result was consistent with this. Generally the first stage performance was scarcely different from under dry conditions with water injection.
With up to 20% (wt.) water spray, at the stall point, the overall totalto-static pressure rise was reduced, but the stall point remained on the throttle line passing through the stall point of the dry characteristic. This implies no movement of the surge line and results from the nearcasing region of the first stage remained relatively dry, due to the high axial momentum of the water taking it through the rotor blade row without being centrifuged to the casing. In contrast, tests with atomizing nozzles produced low axial momentum fine droplets over the entire inlet area and tests with spraying water directly onto the compressor casing ahead of the inlet showed significant adverse effects on both stage one (and later stage) performance and the compressor surge line. He predicted the high-pressure compressor to stall with 2.5% water injection.
Payne and White [10] presented the calculation procedure for evaporative flow of three-dimensional blade rows. They analyzed the injection of small droplets, which were assumed to follow the main flow. Their results showed that the main change in the flow occurred due to the progressive reduction of axial velocity and evaporation. As a result, the blade pressure distribution changed. They acknowledged that further work was required to include all the effects of slip velocity relevant to larger droplets. Abdelwahab [11] applied the wet compression to a centrifugal compressor. He found that small droplet radii led to a much faster evaporation time compared to the fluid particle travel time. The higher the injection rate, the higher the total pressure ratio the stage could develop. This was due to colder compression temperatures allowing the work transferred from the impeller to the flow and then converted into higher total pressures. Sanaye et. al. [12] studied the effects of inlet fogging and wet compression on gas turbine performance. They modeled the evaporation of water droplets in the compressor inlet duct and estimated the diameter of water droplets at end of the inlet duct. They compared their findings with the results from FLUENT software. They also predicted the compressor discharge air temperature with the presence of unevaporated water at the inlet duct. They found that flow coefficient increased in first few stages due to the water spray. This led to the increase in axial velocity at the first few stages and the corrected speed increased due to the cooling of compressor inlet air. The result showed an increase in density and pressure and a decrease in the axial velocity at later compressor stages. The amount of water injection increased with increased pressure ratio.
Bianchi et. al. [13] studied the influence of water droplet size and temperature of wet compression in a 17-stage compressor. They concluded that the gas turbine performance improved for finer and hotter droplets, as the evaporation rate increases with hotter droplets, but their analysis did not consider the cost of preheating water to produce hotter droplets, i.e. treating the preheat energy as free. They also found that the redistribution of compressor stages load with an unloading of the first compressor stages and an overloading of the last compressor stages was influenced by the diameter and temperature of liquid water droplets.
Sexton et. al. [14] conducted a simulation on suppressing NO x by employing evaporative compressor cooling. The results showed that the compressor performance maps (in terms of shaft power, pressure ratio, efficiency etc.) were changed due to wet compression. They modeled the evaporation rate to depend only on the mass diffusion by assuming each droplet travels with no slip with air. They also assumed all the stages were frictionless and adiabatic.
Roumeliotis and Mathioudakis [15] studied the wet compression of interstage spray with droplet heat transfer and compressor performance curve. Their results showed that the primary stages experienced unloading and the later stages were shifted to stall. They predicted a marginal increase in thermal efficiency with overspray.
They obtained the results of significant stage re-matching due to overspray. They mentioned that the behavior of different types of compressor would be different, so they suggested that the full benefit of water can be realized when a specific or similar compressor stage characteristic and geometry would be used.
Wang and Khan [3, 4] used the stage-stacking method to investigated saturated, overspray, and interstage fogging by providing the 2D compressor airfoil geometry and stage setting at the mean radius. The stage pressure ratio was enhanced during all fogging cases as did the overall pressure ratio, with saturated fogging (no overspray) achieving the highest pressure ratio. Saturated fogging reduced specific compressor work, but increased the total compressor power due to increased mass flow rate. The results of overspray and interstage spray unexpectedly showed that both the specific and overall compressor power did not reduce but actually increased. Analysis showed this increased power was contributed by increased pressure ratio and, for interstage overspray, "recompression" of "recooled" air contributed to more compressor power consumption. Also it was unexpected to see that air density actually decreased, rather than increased, inside the compressor with overspray. Analysis showed that overspray induced an excessive reduction of temperature that led to an appreciable reduction of pressure, so the increment of density due to reduced temperature was less than decrement of air density affected by reduced pressure as air follows the polytropic relationship. In contrast, saturated fogging resulted in increased density and reduces compressor power as expected. After the interstage spray, the local blade loading immediately showed a significantly increase. Fogging increased axial velocity, flow coefficient, blade inlet velocity, incidence angle, and tangential component of velocity.
The above study by Wang and Khan was performed with the thermal-equilibrium approach by assuming the air would reach saturation at the end of each stage as long as water droplets remained in the air. The objectives of this paper are to extend the previous work by including the non-equilibrium approach and compare the results between the equilibrium and non-equilibrium approaches.
STAGE-STACKING NON-EQUILIBRIUM MODEL DEVELOPMENT Droplet Heat Transfer Model
In the non-equilibrium method the heat transfer to the droplets is calculated first to determine the droplet temperature due to surrounding heating. Then the evaporation time of the droplets will be calculated and compared with the flying time needed to pass one stage to determine if the droplets will completely evaporate at the end of the stage or not. If not, the amount of remaining liquid mass is calculated and carried to next stage.
Heat and mass transfer occur at the interface of the droplet and the surrounding air, mainly by convection and diffusion. Droplet heat transfer depends on many different parameters, e.g. slip velocity (between droplet and main fluid), temperature difference, diffusion coefficient, size (diameter) of the droplet etc. A model has been developed below to study the heat transfer of the droplets flying across each stage. A transient heat balance equation is shown in Eq.1 by treating the droplet as a lumped thermal mass with one representative temperature uniformly distributed in the droplet. The change of the droplet temperature is caused by convective and radiative heat transfer through the droplet surface. By neglecting radiative heat transfer, the droplet temperature changes as,
Note that liquid evaporation will reduce both liquid droplet and surrounding air temperatures. In the present model, it is assumed that the latent heat only directly affects the surrounding air temperature and the droplet temperature is predominantly affected by convection.
From Eq. (1), liquid water mass, Slip velocity has been assumed to be 10% of air velocity according to Khan and Wang [16] . In the rotor stages, V s is 10% of air's velocity relative to the rotor and in the stator stages, V s is the 10% of air's absolute velocity. 
Where ∆t is the residence time for air to fly passing one stage as:
Where L is the blade chord length and "Vel" is the absolute inlet velocity for stator and relative inlet velocity for the rotor.
The amount of evaporated water mass depends on evaporation, saturation pressure etc. as shown by Zheng et. al. [6] , according to the Langmuir-Maxwell method [17] . Equation (4) shows the expression for the time required to evaporate the water droplet of diameter d as,
Where, P d is the Saturation vapor pressure at T d .
When, saturation pressure becomes higher than the air pressure, boiling starts and boiling time is calculated from Eq. (5), which was modified from the equation shown by Kuo [18] as,
For a typical environment, the value of
This assumption makes the eq. (5) approximately as (6),
Empirical Formula for Water and Air Property Values
The property values of thermal conductivity, dynamic viscosity, and water vapor diffusivity in air are calculated according to Eqs. 6, 7, and 8 based on the empirical formulae in Chemistry Handbook [19] Thermal conductivity (W/m.K), as a function of air temperature, T a for the range of 253K to 373K Numerical Algorithm for Stage Performance [3, 4] The algorithm of non-equilibrium method is built upon the previous algorithm for equilibrium method developed by Wang and Khan [3] . Since the stage-stacking algorithm and numerical procedure is comprehensive, only a brief summary of the procedure is provided below. Readers can refer [3] for detailed procedure by incorporating the non-equilibrium algorithm described in the following section in this paper.
Evaporation rate depends on relative humidity, droplet size (diameter), water vapor diffusion coefficient, heat transfer to droplet, and surrounding temperature etc. In the equilibrium method, a sufficient amount of water is allowed to evaporate to achieve saturation (100% RH) at the end of each stage until all the water evaporates, whereas in the non-equilibrium method evaporation is characterized by mass and heat transfer between air and droplet.
First, the 2-D geometries of the airfoils (stator and rotor) on the meanline and the stage setting conditions (Table A5 ) are selected. Based on this information, the compressor passage geometry is designed for ISO Condition (288K and 60% relative humidity) with a constant rotating speed. In the design condition, the rotor absolute inlet flow at each stage is assigned with zero absolute tangential velocity, but the relative air velocity is set equal to the blade inlet angle, i.e. no incidence angle (see Table A5 ).
The inlet condition at the first stage rotor is given as the static condition and the air is assumed to be saturated due to inlet fogging ( Fig. 1) for both equilibrium and non-equilibrium cases. The droplet diameter is assigned uniformly at the fog sprayer first, and the droplet diameter at the compressor inlet is recalculated based on the amount of water evaporated for achieving saturation by the following equation: At the first-stage rotor inlet ---Once, the compressor inlet temperature and pressure are calculated, the total (or stagnation) status is obtained by guessing a total temperature and iterating until the total enthalpy obtained from total temperature converging to the identical value. When the ambient and inlet fogging conditions change, the air density changes and the air-water mixture mass flow rate at the first rotor inlet is calculated by assuming the compressor functions with the constant-volume-flow characteristics at the inlet (note: this is only valid at the very inlet) when the rotating speed is controlled at a constant value.
At the rotor exit, the flow is assumed to be turned at the exact angle as the blade outlet camber angle, i.e. assuming zero flow deviation angle. The status at the rotor exit is determined by matching the exit mass flow rate with the mass flow at the inlet. Two unknowns, density and absolute axial flow velocity, need to be determined during this mass flow rate matching process; therefore, two iterating loops are required. The first iteration starts by guessing the absolute axial exit velocity and drawing the velocity diagram. Iterations are conducted to ensure specific stage work obtained from the velocity diagram matches the stagnation enthalpy increase obtained from the polytropic relationship with a wet compression index of 1.36. Using the stagnation status obtained by the first iteration loop, the second iteration calculates the air-water mixture density and goes back to the first loop until the mass conservation is satisfied. Once the stagnation temperature and pressure are calculated at the rotor exit, the diameter and temperature of the droplet is calculated on the basis of heat transfer and water evaporation rate under local conditions.
Once the rotor exit parameters (pressure, density, temperature, enthalpy, etc.) are known from calculation, the non-equilibrium parameters (diameter of droplet, temperature of droplet, residence time etc.) are calculated as: (i) Once the static temperature at the rotor exit is calculated in the previous step it is used as T a i+0.5 in Eq. (2). The droplet temperature in next stage is determined from Eq. (2) This can be found by replacing the evaporation time with residence time in Eq (3), which gives Eq. (12) ( )
(iii) Once the diameter is calculated in the next stage, the amount of survived liquid water mass can be determined from equation (13) .
The amount of newly evaporated water vapor is calculated by deducting this remained amount of water from the amount of water at the stage inlet. If the amount of newly calculated water vapor becomes more than the amount of water needed to saturate the air according to the local temperature and pressure, then the actually evaporated amount of water vapor is set to be the amount needed for saturation, and the actually remaining liquid water and the droplet diameter are recalculated.
The procedure for determining the second or later rotor inlet condition is different from determining the first rotor inlet status. Instead, the stagnation status (rather than the static status) at the later stage rotor inlet is known, and the static status needs to be determined. The procedure for determining the rotor exit condition is the same for all stages.
The effect of inlet or interstage fogging will change the flow coefficient and the flow inlet angle, which in turn will affect the pressure ratio and specific work of each stage.
Assumptions
Constant compressor inlet axial velocity (or inlet flow
coefficient) --The compressor is assumed to behave as a constant-volume-flow-rate device at the inlet when the rotating speed is controlled to be a constant value, so the inlet axial velocity remains constant. When fogging is applied, the volume flow rate at the inlet does not change although the mass flow rate increases due to increased air density. This constant volume flow assumption is based on the reason that the flow field generated by a rotating stage is determined by the blade configuration and its stage setting (staggering angle, pitch, inlet guide vane setting, etc.), so when the rotating speed maintains constant, the inlet flow filed at the first stage inlet should be almost identical. It is important to realize that the inlet velocity maintaining a constant does not mean the mass flow rate maintains constant at the inlet, nor does it mean the operation point of the first stage is the same. Once the mass flow rate is determined at the inlet, the mass flow rate maintains constant throughout the entire compressor, and the volume flow rate will change at different stages. Under increased pressure and heating due to compression, the velocity filed at first stage will be different between fogging and non-fogging conditions because both temperature and mass flow are different. This change is reflected on the increased flow coefficient (or axial velocity) at the end of the first stage.
2. The mean blade diameter was designed the same for all the stages.
3. Property values (e.g. density, enthalpy) of mixture are calculated by mass-weighted average method, similar to the process described by Young [20] .
4. Equation of state (Pv = RT) holds true for all conditions.
5. The system is assumed in thermodynamic equilibrium for droplet evaporation for equilibrium cases. Water evaporation is governed by transient heat and mass transfer for non-equilibrium cases.
6. The water droplets are assumed incompressible, so the polytropic process (Pv k = Constant) of moist air can represent the multi-phase flow. An equivalent polytropic index of 1.36 is used for moist air following the study of Klepper et al. [21] . They showed that k is approximately 1.36 for a wide range of air water mixture. Although the polytropic index may change during the course of wet compression, due to small amount of water (1-2%) is involved, k is kept at a constant value of 1.36 in this study. Variable k-values can be considered for future improvement.
7. The water droplets are assumed spherical and uniformly distributed, so they can be represented by a single-value diameter at any axial location.
8. The water droplets do not experience any break-up or coalescence.
9. The water specific heat remains constant (4200 J/kg.K).
Studied Cases
The studied compressor has 8 stages. The ISO condition (288K and 60% Relative Humidity) is used as the design case, and the diameters (hub and tip diameters) are determined at the design condition. At the designed operating condition, the axial velocity (150 m/s) is designed as a constant value throughout the compressor with the following parameters: rotor speed (12,000 RPM), rotor turning angle (12°), inlet pressure (1atm), 0.5% total pressure loss occurred in each stator and the polytropic stage efficiency (92%) is assumed for each rotor stage. A 2D compressor airfoil geometry and stage setting at the mean radii are employed. The detailed stator and rotor information are given in Table A .5 in the Appendix. Seven cases are studied with the ISO condition being the baseline (design case); one is on a hot day, one is on the same hot day with 2% overspray cooling, and the other four cases employ the same 2% overspray cooling, but use non-equilibrium heat transfer model with four different droplet diameter (arithmetic mean D 10 = 10 µm, 15 µm, 20 µm and 30 µm for non-equilibrium cases). Note that no droplet size is involved in calculation with the equilibrium method.
In this study, the term "fogging" indicates the action of generating the fog. Depending on the amount of the injected water, "saturation fogging" implies the process of saturating the air to 100% relative humidity and "overspray" implies the process of injecting more than the water amount required to achieve saturated air. Strictly speaking, a 2% overspray implies the amount water that weighs 2% of the dry airflow is injected in addition to the amount required to saturate the air. However, for simplicity, the stated percentage of overspray fogging in this study includes both the amounts of water needed for saturation and actually oversprayed in addition to saturation. For example, 2% water overspray with an ambient condition of 300K and 60% RH implies that 0.245% water is needed to saturate the air and (2 -0.245) = 1.755% is actually used for overspray. In Case 1 (design case), the axial velocity is kept as a constant in each stage by adjusting the flow area (i.e. hub and tip diameters). The variation of hub and tip diameters in different stages is shown in Fig.  2(a) . For the cases of inlet fogging, the designed geometry is unchanged; the local flow velocity vector, thermal properties, rotor loading condition of each stage are calculated by the stage-stacking scheme. An example showing the effect of fogging on the velocity diagram is illustrated in Fig. 2(b) 
RESULTS AND DISCUSSIONS
Detailed flow physics and thermal sciences for the equilibrium cases have been explained in Wang and Khan [4] . In this paper, the discussion only focuses on the differences between employing equilibrium and non-equilibrium methods. Figure 3 shows the droplet diameter variation in different stages. Droplets of all the cases evaporate completely before the compressor exit except Case 7. In general, overall evaporation of all droplets is faster in the later stages due to an increase of droplet surface area over volume ratio with smaller droplets and increase of temperature. The water in Case 7 does not complete evaporation because the residence time is short comparing to the required evaporation time. The smallest droplet diameter found for this case is 11.2 µm (Table  A3) .
Droplet Size
Figure 3 Reduction of droplet diameter for non-equilibrium cases
Evaporation Rate
Evaporation rate depends on relative humidity, droplet size (diameter), water vapor diffusion coefficient, heat transfer to droplet, and surrounding temperature etc. In the equilibrium method, a sufficient amount of water is allowed to evaporate to achieve saturation (100% RH) at the end of each stage until all the water evaporates as shown in Case 3 in Fig 3. Figure 4 shows the relative humidity (evaluated at the static condition) variation along the compressor, while Fig. 5 shows the remaining liquid water in the air. The status and composition of wet air can be clearly seen from the information provided by these two figures and Table A.4. For example, in Case 3, there is sufficient water to achieve saturation until stage 3 (the third rotor); the water completely evaporates at the end of stage 3.5 (the third stator), so the relative humidity is 100% for all stages up to the third rotor. After the third stage, the relative humidity generally reduces due to increased pressure and temperature in the later stages. For example, in the beginning of the fourth stage, the pressure is 164 kPa and temperature is 339K, for which saturation vapor pressure is 25.3 kPa and 0.113 kg of water per kg of air is needed to saturate the air, but only 0.0335 kg of vapor is available which gives a 30% relative humidity. 
Figure 4 Variation of relative humidity for overspray cases
When non-equilibrium method is employed with the same conditions as Case 3, the result is shown as Case 4 in Fig 3. In Case 4, water evaporates completely at the end of stage 4, which is ½ stage later than Case 3. This implies that the result of using equilibrium method is very close to the non-equilibrium method for droplet size of 10 µm. However, when the droplet sizes increase, it will take longer for water to completely evaporate. Cases 5 and 6 show 15 µm and 20 µm droplets completely evaporate at stages 4.5 and 5.5, respectively. Again, droplets at 30µm do not completely evaporate at the exit of the compressor. There is about 6% (0.001kg vs. 0.0175kg) of the initial amount of water remains with the final droplet diameter at around 11.2 µm. This shows that the droplet diameter does not play any role in the equilibrium method, but significantly affect the droplet evaporation rate in the non-equilibrium method. Evaporation of droplet is characterized by particle's aerodynamic residence time and the time required for evaporation as described in the model development. When the droplets reside inside a stage longer than the required evaporation time, all the droplets evaporate; on the other hand, if the aerodynamic residence time is shorter than the evaporation time, droplets become smaller and fly into next stage. Figure 6 shows the aerodynamic residence time are close (between 0.1-0.2 ms) for all droplet sizes at all stages; whereas the evaporation time varies significantly with the droplet sizes, roughly in proportional to diameter square (d 2 ). For example, at the first stage 30 µm droplets require 3.6 ms to evaporate versus 0.4 ms for 10 µm droplets, which is 9-fold shorter. Figure 8 Air and droplet temperature variation for nonequilibrium cases Figure 7 shows the static temperature variation in different stages for all cases. The temperature for Case 2 is higher than Case 1 in every stage. In Case 3, the temperature drops 6°C, 31°C, and 60°C in the first three stages respectively from Case 2 and maintains a relatively constant value for the first three stages before the completion of evaporating all the water droplets. Non-equilibrium method (Case 4) results in a very similar evaporation and temperature reduction as equilibrium method (Case 3) except between stages 3 and 4 where the liquid completely evaporates in Case 3 but not in Case 4. Cases 6 and 7 have slower evaporation, which makes air temperature reduction less in the earlier four stages, but once all water evaporates and the vapor is superheated downstream of stage 4.5, the curves for equilibrium and all non-equilibrium cases are almost coincided to one another, except Case 7 has a bit lower temperature due to its unfinished evaporation. Figure 8 shows the droplet temperature variation and the difference between droplet and air temperatures. It is interesting to notice that the droplet temperature never catches up with the air temperature.
Air and Droplets Temperature
Velocity
In the design case (Case 1), the axial velocity, flow coefficient (Φ=V ax /U) and the inlet velocity at each rotor inlet is designed as the same value throughout the compressor by changing the air passage cross-sectional area to satisfy mass conservation. However, when fogging is applied, the air velocity increases significantly and then falls off to the values without fogging after water droplets completely evaporate. The variation of inlet velocity at each stage is shown in Fig. 9 As the temperature drops due to fogging in Cases 3 and 4 ( Fig.  7 ) the static pressure also drops from Stages 2 to 5 ( Fig. 10) , which results in a reduction of density and an increase in axial velocity to conserve the mass. This is also reflected in the flow coefficient increase in Fig. 9b . On the other hand, due to slower evaporation of larger droplets in Cases 6 and 7, temperature does not have any sudden drop, so these two cases have less drastic changes in velocity and flow coefficient. Overall speaking, all the fogging cases (Cases 3-7) have higher flow coefficients until 7th stage; afterwards their flow coefficients drop below Case 2. This behavior is consistent with the results obtained by White and Meacock [22] , where they showed that the flow coefficient (φ) increases till third stage and then decreased and eventually got lower than the dry compression values. Combining the information obtained in Figs. 7 and 9 , the results show that the flow coefficient must significantly increase to accommodate more mass flow rate contributed by overspray especially when the air (not air-liquid mixture) density reduces, as shown in Fig. 10 , rather than increases after overspray is applied. The trend of decreased air density with overspray fogging seems counterintuitive initially, but this phenomenon has specifically explained by Wang and Khan [3, 4] . They explained that when overspray is applied, temperature drops significantly (70-90 o C) due to water evaporation. This excessive temperature reduction results in a significant reduction in pressure. Pressure usually reduces more than the temperature as it can be seen from the polytropic relation that PT k/(k-1) = Constant, i.e. P ∝ T (k-1)/k . Take k = 1.36 for moist air for example, so k/(k-1) = 3.78, which means if the temperature (absolute value) reduces 10%, the pressure will reduce 30%. Based on the ideal gas law ρ ~ P/RT, the density reduces instead of increasing. Although the air receives more water vapor when water droplets vaporize, the slightly increased density due to water evaporation is not large enough to compensate for the density reduction due to temperature-induced pressure reduction. Eventually, the air density of oversprayed cases becomes denser than non-fogging case after stage 6.5. This density variation trend due to overspray fogging is also in agreement with the results White and Meacock [22] and Roumeliotis and Mathioudakis [15] . Note that the air density of saturated fogging case (Case 2S) will always be higher than non-fogging case as have been shown in [4] because no wet-compression and no water evaporation occurs inside the compressor.
Pressure Ratio
The static pressure distributions are shown in Fig. 10 . Saturated fogging (Case 2S) increases static pressure as expected, while overspray reduces the local static pressure due to continuous water evaporation inside the compressor. Equilibrium method (Case 3) results in lower static pressure between stages 3 and 4, but ends up with a little higher pressure than non-equilibrium cases. Figures 13a and 13b show the local and accumulative stagnation pressure ratios. Again, Case 2S (saturated fogging) is shown to achieve the highest overall stagnation pressure ratio (8.54), which is noticeably above the stagnation pressure ratio from non-equilibrium Cases 4, 5, 6 and 7 with the values of 7.63, 7.58, 7.48 and 7.33, respectively (see Fig. 13b or Table A2 ). When fogging is applied in Case 3, the local stagnation pressure ratio experiences a significant drop from 1.4 to 1.0 at the first stage due to reduced temperature, but the local stagnation pressure ratios of Stags 2-4 immediately rise above 1.6, indicating the rotors of these two stages work very hard as evidenced in their high work coefficients (ψ) shown in Fig. 11 . Not until the fifth stage, does the local stagnation pressure ratio of Case 3 reduce to a level around 1.32, which is about 5% higher than Case 1. When non-equilibrium method is applied in Case 4, the local stagnation pressure ratio is higher than those calculated by equilibrium method in Case 3 at stages 1-3. An obvious difference between Case 3 and 4 (or equilibrium versus non-equilibrium approaches) is between Stage 3 and 4 where all liquid is predicted completely evaporated in Cases 3 but not yet in Case 4. This difference results in more cooling, lower static temperature (Fig. 7) , lower static pressure (Fig. 10) , and lower density (Fig. 12) in Case 3, but higher local stagnation pressure ratio between stages 3.5 and 5 than in Case 4. More liquid evaporated accompanied with low overall density leads to more volume flow rate and hence higher inlet velocity (Fig. 9a ) and flow coefficient (Fig. 9b) for Case 3 between stages 3.5 and 4. 
Compressor Power
The required compressor power (MW) is shown in Fig. 14 and the specific work (kW/(kg/s) = kJ/kg) in P-v diagram is shown in Fig.  15 . In contrast to saturated fogging which actually reduces compressor power, overspray (Cases 3 versus Case 2) increases both specific compressor work by 8.65% due to increased pressure ratio and the total compressor power by 12.6% due to increased mass flow rate. This seemingly counter-intuition phenomenon was explained in detail in the previous paper [4] and is not repeated here. Basically, overspray increases stagnation pressure ratio and the compressor work increases, which can be represented by the area on the left of the compression curve on the P-v diagram.
The specific work for Case 3 (272 kJ/kg) is very close to Case 4 (271 kJ/kg). The total powers for both cases are also very close (7.909 MW vs. 7.873 MW) because their mass flow rates are identical (26.71 kg/s) as shown in Table 1 . As the diameter increases from 10 µm to 30 µm, the specific work decreases from 271 to 263 kJ/kg. Since less power is used to produce less pressure ratio, a fair way to compare the compressor performance is to compare the compressor power per unit increase of pressure ratio (W c /P r ) in Table  1 . As it can be seen, equilibrium method (Case 3) predicts more efficient compression with W c /P r = 1028 kW than non-equilibrium Case 4 with W c /P r = 1031 kW by assuming instantaneous water evaporation. Case 2S, having achieved W c /P r = 830 kW, is the most effective in all cases due to its complete evaporation before compression. This fact is revealed in Fig. 15 , which shows the P-v curve of Case 2s is situated at the leftmost of all the curves and requires the least amount of specific work (248 kJ/kg) among all cases, although it produces the highest stagnation pressure ratio (8.54) . Among the four non-equilibrium cases, Case 4 with 10 µm (smallest droplet) is most effective among the 4 non-equilibrium cases and Case 7 (30 µm droplet) is the least effective. The present result of increased compressor power consumption due to wet compression is consistent with Bagnoli et. al. [23] , Roumeliotis and Mathioudakis [24] , Williams [25] and Wang and Khan [3, 4] , but inconsistent with Abdelwahab [11] and Sanaye et. al. [12] . Although White and Meacock [22] showed compressor power reduced with fogging, their presentation could be misleading without looking into their assumption and practice. Their analysis indeed showed that the compression with fogging produces more pressure ratio than the dry compression. However, when the comparison was made, they didn't compare the actual compressor power consumptions corresponding to the different pressure ratios of each case, rather they jacked up the pressure ratio of the dry compression to equal the wet compression pressure ratio, which of course led to the conclusion that wet compression required less power. It is encouraging to know that the present results are supported by the recent experimental results from Roumeliotis and Mathioudakis [24] . They showed that the compressor power increased by water injection and the increased compressor power was linear with the quantity of water entering the stage. As a result, the compressor isentropic efficiency decreases linearly with the amount of water injected.
Although the compressor power consumption increases in the saturated fogging and overspray cases, the total gas turbine net power increases nonetheless as shown in Table 1 .
SUMMARY
This paper compares the results of thermal equilibrium and nonequilibrium methods for overspray fogging through stag-stacking scheme with given mean-line blade and 8-stage compressor configurations. The results are summarized below:
1. Saturated fogging achieves highest pressure ratio augmentation and reduces compressor power consumption; whereas overspray actually increases both the specific and overall compressor power for both equilibrium and non-equilibrium cases. Nevertheless, the net GT power output increases with both saturated and overspray fogging.
2. Non-equilibrium method differs from the equilibrium method due to the change of evaporation rate. Droplet size doesn't play a role in equilibrium approach, but plays a major role in affecting the result in the non-equilibrium case. For small droplet size of 10 µm, the droplet evaporation rate is fast, so the nonequilibrium method predicts close results as the equilibrium method. Larger droplets lead to slower evaporation, reduction of pressure ratio, and less effective compressor performance than the smaller droplets.
3. Equilibrium method predicts that wet compression increases axial velocity, blade inlet velocity, incidence angle, and tangential component of velocity. Non-equilibrium methods predict a similar trend except with lesser increments as the droplet size increases.
4. In the present study, the equilibrium method predicts that all the water droplets evaporate completely at the end of stage 3, while the non-equilibrium approach predicts that the completion of evaporation delays; but all droplets completely evaporate in the µ µ µ compressor except approximately 10% of the biggest droplets (30µm) escape from the compressor.
5. Saturated fogging increases air density; however, both equilibrium and non-equilibrium methods predict that wet compression actually reduces air density in the earlier 70% of the compressor.
6. Non-equilibrium predicts small droplets relax the load in the earlier stages, but increases the load in the later stages. Larger droplets show less load changes. In every stages, θ 1 = 12° and θ 1.5 = 35.25°
APPENDIX
